We have determined the coexistence curves (plots of phase-separation temperature T versus protein concentration C) for aqueous solutions of purified calf lens proteins. The proteins studied, calf y'Ila-, yIlb-, and yIVacrystallin, have very similar amino acid sequences and threedimensional structures. Both ascending and descending limbs of the coexistence curves were measured. We find that the coexistence curves for each of these proteins and for yIcrystallin can be fit, near the critical point, to the function W(Cc -C)/CJI = A[(Tc -T)/TCJ, where fi = 0.325, Cc is the critical protein concentration in mg/ml, T, is the critical temperature for phase separation in K, and A is a parameter that characterizes the width of the coexistence curve. We find that A and
Cc are approximately the same for all four coexistence curves (A = 2.6 +-0.1, Cc = 289 ± 20 mg/ml), but that Tc is not the same. For yIH-and yIIIb-crystallin, Tc7-5°C, whereas for yIIa-and yIVa-crystallin, Tc 38C. By comparing the published protein sequences for calf, rat, and human y-crystallins, we postulate that a few key amino acid residues account for the division of y-crystallins into low-Tc and high-Tc groups.
The y-crystallins constitute a family of highly homologous mammalian lens proteins (1) (2) (3) (4) . Concentrated aqueous solutions of y-crystallins (5) (6) (7) (8) exhibit the phenomena of binaryliquid-phase separation (9) (10) (11) , also known as coacervation (12) . These solutions separate into two coexisting liquid phases of unequal protein concentration at temperatures less than the critical temperature for phase separation Tc. From previous studies (5, 7, 8) , it is known that location of the coexistence curve depends sensitively on the amino acid sequence of the crystallin molecule. Two distinct groups of y-crystallins have been identified in rat (7) and human (8) lenses: high-Tc crystallins and low-Tc crystallins. In these rat and human studies, the precise values of Tc for each crystallin, though inferred from the data, were not determined explicitly. For the high-Tc crystallins, only the ascending limb of the coexistence curves was measured. For the low-Tc crystallins, only an upper bound for the Tc values was established.
In this paper, we report on measurements of coexistence curves for three purified calf y-crystallins-yIIIa, yIIIb, and yIVa-[in Table 2 we indicate the current nomenclature for mammalian y-crystallins (2)] and for the native calf y-crystallin mixture yIV. We have determined both the ascending and descending limbs of each coexistence curve. This information enables us to characterize the coexistence curves in detail and to determine explicitly the values of the critical concentration Cc and the critical temperature Tc for each protein. Such detailed analysis of y-crystallin phase separation, which requires gram quantities of purified protein, has been performed only for calf yII (6) .
We find that the purified calf y-crystallins, in accord with the purified rat and human y-crystallins, fall into two distinct groups: high-Tc (Tc > 350C) proteins, yIIIa and yIVa, and low-Tc (Tc < 100C) proteins, yII and 'yIIIb.
Because the y-crystallins are highly homologous proteins, we are able to relate the observed differences in their Tc values to specific differences in their amino acid sequences. We have compared the published sequences of the calf, rat, and human y-crystallins and find that a few key residues may account for division of the proteins into high-and low-Tc groups. This correlation between molecular features and phase behavior provides an important step in identifying the physical and chemical factors that set the value of Tc.
Because protein phase separation is one of the mechanisms for lens opacification (13) (14) (15) (16) , a quantitative understanding of the phase behavior of y-crystallin solutions may suggest ways to treat and prevent certain types of cataracts.
MATERIALS AND METHODS
Protein Isolation and Purification. The y-crystallins used in this study were isolated from 1-to 6-week-old calf lenses, obtained by overnight express from Antech (Tyler, TX). The monomeric y-crystallins were prepared from the soluble protein fraction by size-exclusion chromatography on Sephadex G-75, as described earlier (6) . Native y-crystallin so obtained was further fractionated into yI, ys, yII, yIII, and yIV, by cation-exchange chromatography on sulfopropyl Sephadex C-50, essentially according to Bjork (17) and Thomson et al. (6) .
Anion-exchange chromatography on DEAE-Sephadex was used to fractionate yIII into yIIIa and yIIIb. A variation of the procedures described by Slingsby and Miller (18) and Thomson et al. (6) was used. Solutions of yIII were dialyzed exhaustively into 25 mM ethanolamine buffer, pH 8.8. The dialyzed solution of yIII, containing 800-900 mg of protein, was loaded onto a 2.5 x 40 cm DEAE-Sephadex A-25 column equilibrated with the same buffer and eluted with a linear NaCl gradient increasing from 0 to 100 mM. yIIIb eluted first, followed by yIIIa. Native yIII consists of (by fraction Proc. Natl. Acad. Sci. USA 88 (1991) 5661
The purified crystallin fractions were dialyzed exhaustively into 100 mM sodium phosphate buffer (ionic strength 240 mM, pH 7.1), which contained sodium azide (3 mM).
These dialyzed solutions were then concentrated as described below. The purity of the yIIIa, yIIIb, and yIVa fractions was at least 95%, based on chromatography and isoelectric focusing. All coexistence curves were determined from freshly purified fractions.
Concentrating the Proteins. We concentrated the protein solutions by using two techniques. The first technique, ultrafiltration (Amicon Centricon-10 and Centriprep-10), was used to concentrate yIIIb to -250 mg/ml, yIIIa to =200 mg/ml, and yIV and yIVa to =100 mg/ml. Protein solutions were ultrafiltered and stored at a temperature above the For all the calf y-crystallin solutions we studied, for solutions of calf yII (6) , and for solutions of lysozyme (22) (23) (24) , the coexistence curve lies below the solid-liquid phase boundary. This result implies that over the range of concentration and temperature for which binary-liquid phase separation occurs, the equilibrium state of the solution consists of a liquid phase coexisting with a crystalline phase. We have performed a systematic study of the location of the solid-liquid phase boundary, the so-called liquidus line, for calf yII-, yIIIa-, yIIIb-, and yIV-crystallin. The results of this study will be published separately.
In the current study, we required crystal-free solutions and employed several techniques to inhibit crystal formation (6) . We filtered the dilute (1-10 mg/ml) protein solutions before concentrating them; we rinsed all glassware and apparatus with dust-free water or buffer; and we used gentle, nonstirred, ultrafiltration devices to concentrate the protein solutions. If, despite our precautions, a sample did develop protein crystals, we were able to dissolve the crystals by diluting the sample and heating it to 40°C. The low-T, protein crystals dissolved in solutions diluted to =10 mg/ml. The high-Tc protein crystals were more difficult to dissolve due to the location of their liquidus lines; these samples had to be diluted to -1 mg/ml. Once crystal-free, diluted samples were filtered and then reconcentrated.
Protein concentrations were determined using UV absorption spectroscopy. A small aliquot (typically [5] [6] [7] [8] [9] [10] ,ul) of the protein sample under investigation was diluted by a known proportion in 100 mM phosphate buffer, and the UV absorption of the resulting solution wa4 measured. A positivedisplacement pipette (Gilson Microman) was used to pipette highly concentrated (viscous) protein solutions. The specific absorbance coefficients E'2°01%,1cm used in these studies were determined by Pande (A. Pande, personal communication) and are listed in Table 1 .
Determination of Coexistence Curves. We determined the coexistence curves by using two previously described methods (6, 22) : the cloud-point method and the temperaturequench method. In the cloud-point method, we determined the opacification temperature for a fixed protein concentration. In the temperature-quench method, we determined the protein concentrations of the two coexisting liquid phases for samples held at a fixed temperature below Tc. The results of these two methods generally agreed with one another. Far below the critical point, the cloud-point data was systematically higher in temperature than the temperature-quench data.
It was difficult to prepare crystal-free highly concentrated samples of the high-Tc proteins. As a consequence, the coexistence curves for yIIIa, yIVa, and yIV were not as precisely determined as those for the low-Tc proteins, yII and yIIIb.
RESULTS
Coexistence Curves of Purified y-Crystallins. In Fig. 1 , we present the coexistence curves for aqueous solutions of calf yIIIa-, yIIIb-, and yIVa-crystallin. Also included in Fig. 1 25) I(Cc -C)/Ccl = A[(Tc-T)/TJPh [1] where,3 = 0.325, Cc, is the critical protein concentration, Tc is the critical temperature in K, and A is a parameter that characterizes the width of the coexistence curve. Table 1 displays the values we find for Cc, Tc, and A for each coexistence curve. These parameters provide a quantitative basis for comparing the measured coexistence curves. One sees that within experimental error, A and Cc are the same for all the proteins. In contrast, Tc is not the same for all the proteins. As Table 1 reveals, the crystallins divide naturally into two groups: high-Tc proteins (yIIIa and yIVa) and low-Tc proteins (yII and yIIIb).
The protein concentrations in Fig. 1 are indicated in two ways: C in mg/ml (lower x axis) and protein volume fraction, we assume that the partial specific volume is approximately the same for the other y-crystallins. The coexistence curves in Fig. 1 The experimental uncertainty in the coexistence curves is too large to enable us to determine 1 precisely-. We have chosen to use 13 = 0.325, the Ising exponent, in Eq. 1 to be consistent with the recent work of Schurtenberger et al. (26) . They found that Ising, not mean-field exponents, accurately describe the divergence of the intensity of light scattered from aqueous solutions of yII near the critical point, in accord with the behavior of simple binary mixtures (11) . For comparison, we fitted Eq. 1 to our data with /8 = 0.5, the mean-field exponent. We found that the fits using ,8 = 0.325 were clearly better than those using , 1 = 0.5.
Our data indicate that Cc and A are approximately the same for the four purified calf y-crystallin solutions studied ( Table  1) . The average values of Cc and A for yII, yIIIa, yIIIb, and yIVa are Cc = 289 ± 20 mg/ml and A = 2.6 ± 0.1. This value of Cc corresponds to a protein volume fraction of do, = (20.5 + 1.7)%. The fact that A and C, are approximately the same for all the pure y-crystallin solutions suggests that the underlying free energies for these solutions have a similar functional form.
For lysozyme, another phase-separating globular protein, 4k = (15.4 + 0.7)%, based on published data (22, 29) and a newly determined value for the extinction coefficient of lysozyme Ei1o% lcm = 2.77 (A. Pande, personal communication). A simple Gibbs free energy model (22) for the behavior of an interacting protein solution predicts that 4k = 13%.
It is interesting to compare the width A of y-crystallin coexistence curves to the width of coexistence curves from other experimental systems. For the liquid-gas phase transition, Guggenheim (30) cloud-point and temperature-quench measurements, we studied phase separation by using light microscopy. Crystallin solutions of known concentration, with a sample thickness of =100 ,gm, were placed on a thermostated stage, and the temperature of the stage was then lowered 4-6TC below the phase-separation temperature of the sample. The morphology of the protein-poor and protein-rich domains that subsequently formed depended on the concentration of the sample.
In samples with C < Cc, we observed nucleation and growth of spherical, uniformly sized droplets (Fig. 2a) . These droplets contain the protein-rich phase; they are surrounded by the protein-poor phase. While still small in size, -1-5 Aum in diameter, these droplets undergo noticeable Brownian motion. Touching droplets coalesce, but they do so very slowly on a time scale of several minutes to hours. In samples with C > Cc, we obseryved nucleation and growth ofuniformly sized droplets once again, but in this case the droplets consist of the protein-poor phase, and the surrounding liquid is the protein-rich phase (Fig. 2c) . The high viscosity of the proteinrich phase prevents these droplets from moving or coalescing. In samples with C Cc, two interconnected domains appear (Fig. 2b) . The typical length scale of this bicontinuous network increases slowly in time.
The above observations confirm that over a wide range of protein concentration the reversible clouding that we observe in bulk solutions is caused by binary-liquid phase separation and not by protein crystal formation (24) .
Recently, Lo (31) used optical and electron microscopy to study cold cataract in the rat lens. He found that cold-induced opacification of the lens was due to the formation of proteinrich spherical droplets 1.5-10 .m in diameter. The droplets observed by Lo are similar in size, shape, and number density to the droplets that we observe in phase-separated samples of pure y-crystallin solutions with C < Cc (Fig. 2a) .
We believe that the slow time scale for phase separation in a protein solution makes it an ideal system for studying the kinetics of nucleation and growth (32) and spinodal decomposition (33) .
Coexistence Curves of y-Crystallin Mixtures. In Fig. 3 , we plot the coexistence curve for calf yIV-crystallin, the native protein mixture consisting of (by fraction number) -85% yIVa and =15% yIVb. The ascending limb ofthe coexistence curve reported by Siezen et al. (5) is included in Fig. 3 Coexistence curves for calf yIV-crystallin (*), a native mixture of yIVa-and yIVb-crystallin; buffer conditions were the same as for Fig. 1 -0.08'C/mM.)
With the above corrections, the data from Siezen et al. (5) agrees with ours to within experimental error.
We fitted Eq. 1 to our yIV coexistence curve data, and the deduced parameters are included in Table 1 . The values of A and Cc for yIV-crystallin agree with those for the singlecomponent crystallin solutions. We find that the Tc for yIV is 1.80C below the Tc for yIVa, the majority component of yIV-crystallin.
Siezen et al. (5) determined the coexistence curve for calf yIII-crystallin, the native protein mixture consisting of (by fraction number) -40%o yIIIa and -60%o yIIIb. We corrected their measured curve, as explained above, and then fitted Eq. 1 to the corrected data. We find that Tc = 18.5 + 0.5OC for yIII-crystallin; see Table 1 . Thus, the critical temperature for yIII falls between the critical temperatures for yIIIa and yIIIb. (7) and human (8) y-crystallins also divide into high-and low-Tc groups. Rat y2-2, y3-1, y4-1 and human yG4 are high-Tc crystallins, and rat Ryl-1, yl-2, and y2-1 and human YG3 are low-Tc crystallins.
DISCUSSION
The amino acid sequences for the calf, rat, and human y-crystallins are very similar. An examination of sequence homologies indicates that these proteins can be arranged into six orthologous groups yA-'yF (27, 28, 34-36; Table 2 , we propose the hypothesis that the proteins in group yA-yC are necessarily low-Tc proteins, and the proteins in group yD-yF are necessarily high-Tc proteins. White et al. (27) have shown that the secondary and tertiary structures of calf yII-crystallin, a low-Tc protein, and calf yIVa-crystallin, a high-Tc protein, are not significantly different. This finding suggests that the difference in T, between group yA-yC and group yD-'yF proteins may be the result of a few key amino acid residues. A comparison of the known sequences for calf (27, 35, 37, 38) , rat (39) , and human (40, 41) ycrystallins, a comparison involving 16 proteins, reveals that the two groups of proteins are differentiated by the identity ofthe residues at positions 22, 47, and 163. For group yA-yC, the low-Tc proteins, the residues are Cys-22, Arg-47, and Lys-163. For group yD-yF, the high-Tc proteins, the residues are His-22, Gln-47, and Arg-163.
The substitution Arg-47 --Gln is noteworthy because glutamine is an uncharged residue and arginine is fully ionized (positively charged) at pH 7. The substitution Cys-22 --His involves a slight change in charge. At pH 7, cysteine is -0.3% negatively charged (assuming pKa 8-9), and histidine is l40% positively charged (assuming pKa 6-7). The substitution Cys -> His is intriguing because it rarely occurs in closely related proteins (42) . In contrast, Lys-163 -> Arg is a charge-conserving substitution. Comparing the sequences of calf 'yII-and yIIIb-crystallins, two proteins with the same Tc, we find that arginine is replaced by lysine at position 99. This substitution suggests that the Lys-163 Arg substitution does not influence Tc.
Position 15 may also be important in setting Tc. For calfand rat -crystallins, residue 15 is cysteine for group yA-yC and histidine for group yD-yF; this is the same substitution that occurs at position 22 . In human y-crystallin, residue 15 is still histidine for yD-yF and cysteine for yA. However, for human yB and yC, residue 15 is serine, not cysteine.
The residues at positions 15, 22, 47 , and 163 are located on the surface of the proteins, based on the tertiary structure of calf yII-crystallin (43) , which is representative ofthe structure of all y-crystallins (27) . As a consequence, changes in identity of these residues could significantly change the solvation energy of the protein, which, in turn, could change Tc.
It is important to note that White et al. (27) and Sergeev et al. (28) have previously analyzed, in detail, differences in the amino acid sequences of the various y-crystallins. They sought to relate sequence differences to differences in protein secondary and tertiary structures (27) and to differences in points of contact between lens proteins in the crystal state (27, 28) .
Summary and Conclusion. We have experimentally measured and quantitatively characterized the coexistence curves for aqueous solutions of several purified calf y-crystallin lens proteins. We find that the critical concentration Cc and the width A of each coexistence curve are, within experimental error, the same for each protein solution studied. In contrast, the critical temperature Tc for phase separation divides these highly homologous proteins into two distinct groups. One group, consisting of yII-and yIIIb-crystallin, have low phase-separation temperatures: Te 5.20C. The other group, consisting of yIIIa-and yIVacrystallin, have high phase-separation temperatures: T, = 36.30C for yIIIa, and T, = 39.60C for yIVa.
A comparison of the amino acid sequences of calf, rat, and human y-crystallin suggests that a few key surface residues separate the proteins into high-Tc and low-T, groups. We propose that the identity of the residues at positions 22, 47, possibly 15, and less likely 163 determines the difference in the Tc values between the high-Tc and low-T, proteins. One could test this hypothesis by performing site-directed mutagenesis on the above residues and then measuring Tc for solutions of the altered protein. Such systematic mutagenesis experiments would also reveal the relative importance of each proposed residue in setting Tc.
Identification of the above amino acid residues has a potential application for inhibiting cataracts. It has been established in a variety of cataract model systems (13) (14) (15) (16) that lens opacification occurs when the phase-separation temperature of the proteins in the lens exceeds body temperature. Such phase-separation cataracts could be suppressed by chemically modifying (44) the lens proteins, so as to decrease Tc below body temperature. Our results on native calf y-crystallins identify target sites on these proteins where chemical modifications are likely to produce significant changes in Tc.
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